Abstract. The full opening of the northern shipping line puts forward a great challenge for the safety of polar ships, the presence of floating ice increases the possibility of collision between ship and sea ice. However, due to the complex mechanical properties of sea ice, a reasonable description of its material constitutive relation is the main factor affecting the accusation of calculation and analysis. In this paper, a constitutive model of ice material considering the effect of temperature is presented, a user-defined subroutine is developed and embedded into the finite element software LS-DYNA. Based on this, the damage and deformation characteristics of the ship structure and ice is studied, and effects of collision scenario parameters are discussed. The results of this paper can provide reference for the design and manufacture of polar ships.
Introduction
Arctic sea ice, especially summer sea ice, is declining at a rate of 10% per decade [1] . The full opening of the Arctic channel becomes possible and the polar shipping industry is bound to grow rapidly. However, due to the complicated environmental features in polar waters, the safety of ships in ice-bound areas is gaining more and more attention because there is still a large sum of floating ice even in summer. Ship-ice collision will result in damage to the ship, water or even sink, causing significant loss of life and property. Therefore, the research on the collision performance of polar ships is of great importance to reduce the loss of polar ice collision and for polar ship design.
Foreign studies on ice material and ship-ice collision started early. In 1968 Peyton [2] began to study the intensity of sea ice. Dempsey and Ian J. Jordaan [3, 4] gave analytical methods for ice loading and ice pressure. Tatinclaux J C [5] and Valanto [6] carried out model scale tests using the R-class icebreaker and the Swedish coast guard ship KBV-181 model and the thrust and drag data were recorded and analyzed. Frederking R. [7] studied the effect of strain rate on ice loading through comparative experiments. With the rapid development of computer simulation technology, commercial finite element analysis software is increasingly used to simulate ice material and ice load. Gagnon [8] used the foam material to simulate the brittleness of ice, and obtained a good consistency with the Terry fox real-ship test. The Kelvin-Voigt viscoelastic constitutive theory was introduced into the sea-ice dynamics by Shunying J. [9] , which well reflected the viscoelastic behavior of the sea ice in Bohai Sea at small strain and strain rate. In addition, many other materials are studied but due to the complexity of materials, there is still no authoritative and uniform solution for this problem at present.
In this paper, an elastic-plastic constitutive model is adopted and the influence of temperature on the yield function and failure criterion is considered. The sea ice material model is established and embedded in the LS-DYNA material library by secondary development. Based on this, the mechanism of damage and deformation of hull structures during ship-ice collision is analyzed.
Ice Material

Ice Material Model
In the process of ice deformation, the ice material is in three-direction stress state. Therefore, it is necessary to do triaxial experiment of sea ice material. Many scholars such as Gagnon [10] carried out relevant experiments. Derradji [11] summarized the results and concluded that the yield equation can be written as:
The arctic temperature can reach -20℃~-30℃ in winter and the yield function parameters
are significantly affected by temperature. The yield curve at different temperatures is shown in Figure 1 [11], from which the temperature-dependent yield function () fT can be obtained. 
Where 
In the plastic phase, the plastic strain increment is:
Using plastic flow law, as the yield function, so the above formula can be written as:
Where ij d is the stress increment, ij  is the Kronecker symbol. In this paper, the empirical failure criterion is given by Liu [12] and the temperature term is added as follow:
, the element fails, where p eq  is the equivalent plastic strain, f  is the failure strain,
. cut p is the cut off stress, set to 2MPa, 0  is the initial failure strain, set to 0.01.
Stress Update Algorithm
For rate-independent plasticity, the commonly used constitutive integral algorithm has explicit algorithm, implicit algorithm and semi-implicit algorithm. In this paper, the semi-implicit algorithm is used. The integral expression can be expressed as:
Where 1 n  can be written as:
:
In the formula, The rationality of the material is verified by pressure-area curve, a rigid plate-ice sphere crushing model is established. The radius of the sphere is 1m, the relative velocity is 1m/s, and the bottom of the sphere is fixed rigidly. The deformation of the sphere at 0.5s is shown in Figure. 2. It can be seen that failure occurs on the surface of the ice body, the failure surface is not smooth, the ice body falls off on the contact edge, the stress distribution of the ice body is not uneven, and the low stress region and the high stress region is obvious. The crushing force and pressure-area curve is shown in Figure 3 and Figure 4 . It can be seen that the force shows typical non-linear characteristics, at the very beginning, the contact area of the ball changes quickly, the contact force increases significantly, with the crushing process goes on, the area change rate decreases, the overall change in force tends to be flat. From Figure 4 , we can see that the general trend of the pressure-area curve is the same as the ISO standard, generally. The value of the pressure-area curve is relatively smaller and has a certain error when the contact area is small, and tends to be closer thereafter, the value is slightly smaller than the standard and is in the acceptable range. Figure 5 and Figure 6 show the failure stress and strain curve of the element under different temperatures. It can be seen that as the temperature decreases, the yield stress increases, the material becomes harder, while the failure strain decreases, the material becomes brittle. This is in line with the actual situation. 
Finite Element Simulation Analysis
Typical Scenario
The typical scenario of floating ice-side impact is shown in Figure 7 . The shape of the contact surface is ridge, the initial impact velocity is 8m/s and the impact position is located at the second deck position. Using the ordinary structural steel, the material parameters of steel and ice are shown in Table 1 , the stress-strain curve of steel is shown in Figure 8 . In the typical scenario, the damage and deformation diagram of ice body and the side structure are shown in Figure 9 , where the serrated deformation of the ice body, accompanied by fragments generation can be seen. The ice fragments are distributed along the contact area and are more serious at the central position. Side deformation occurred but not ruptured, the stress concentration in the vicinity of the contact area, the maximum stress reaches 319MPa. The deformation pattern of internal structure is distortion, the longitudinal structures on the ship side and the platform plate play an import role against the deformation of ice body impact. The collision force is shown in Figure 10 . It can be seen that the entire collision process lasts 0.12s, the impact force shows typical nonlinear characteristics, accompanied by multiple peaks, with a minimum value at 0.06s due to the relatively flat contact surface and small contact area, as well as the orderly rows element arrangement, resulting in the simultaneous failure of a large number of elements and the collision force dramatic changes. As the collision progressed, the contact area becomes larger, the collision force returned to normal level. The internal energy curves are shown in Figure 11 , we can see the overall trend internal energy of the structure components is rise rapidly at first then remain unchanged, the side shell and the longitudinal absorb a large proportion of energy. While the energy absorption of the frames and the platform longitudinal is small and is negligible.
Different Shapes of Ice Body
The shape of the ice bodies is diverse, but for the contact area, it can be divided into ridge, spheres and planes etc. In this paper, we select the cubic ice body's surface, edges as well as sphere and cone marked as case1~case4 to study. Figure 12 shows the damage and deformation of ice body and side structure. It can be seen that the deformation of ice bodies and structures are significantly different under different contact surfaces. Compared with the typical scene, when the contact surface is spherical, the ice body has broken, the stress distribution is more concentrated and the deformation of side structure is more serious. While when the contact surface is flat, both the ice body and the structure experience a small deformation, the range of stress distribution is obviously extended. Different ice bodies' sharp parts have broken in the collision process, at the same time, it can be seen that there is no broken on the sides but still some deformation will occur.
The collision force under different contact surfaces is shown in Figure 13 , it can be seen that the trend and the peak value of contact force under different contact surfaces are different. When the contact surface is plane (case 1), the maximum force value has a significant increase compared with other cases, and the duration time is significantly shortened. When the contact area is a cube corner (case 2), the peak force is the smallest but the duration time is the longest. Figure 14 and Figure 15 show the peak collision force and the internal energy of the main components at different temperatures. It can be seen that the peak force slightly decreases as the temperature decreases, this is because the ice body element is more likely to fail at low temperature even though the strength and hardness of ice increases with the decrease of temperature. From figure 15 we can see that the energy absorption at different temperatures are basically the same, especially the energy absorption ratio. With the decrease of temperature, the total energy absorbed by the structure increases, indicating that the more kinetic energy turns into the energy of the structure, at the same time, the outer plate longitudinal and the side shell are the main component resist the deformation. 
Different Temperature
Conclusion
In this paper, a LS-DYNA material subroutine was used considering the effect of temperature. The typical scenario is established and the collision parameters are studied. The main conclusions are as follows:
(1) The constitutive material model developed in this paper shows the characteristics of ice load well. The pressure-area curve is consistent with the ISO standard and other experimental results. The temperature has a direct effect on the material properties, as temperature decreases, the material becomes harder and more brittle.
(2) For ship-floating ice collision, the hull plate will not be broken but the collision will still cause the outer surface permanent deformation. Therefore it still needs a certain degree of strengthening.
(3) Contact shape and temperature have a direct inference on the collision performance. The change of energy absorption ratio is more obvious under different contact shapes while different temperature's inference is not obvious. Under different scenarios, there was no change in the situation that the side shell and the outer shell longitudinal were the main energy-absorbing components.
